Current plans for legacy nuclear wastes stored in underground tanks at the U.S. Department of Energy's Hanford Site in Washington are that they will be separated into high-level waste and low-activity waste fractions that will be vitrified separately. Formulating optimized glass compositions that maximize the waste loading in glass is critical for successful and economical treatment and immobilization of these nuclear wastes. Glass property-composition models have been developed and applied to formulate glass compositions for various objectives for the past several decades. Property models with associated uncertainties combined with composition and property constraints have been used to develop preliminary glass formulation algorithms designed for vitrification process control and waste-form qualification at the planned waste vitrification plant. This paper provides an overview of the current status of glass property-composition models, constraints applicable to Hanford waste vitrification, and glass formulation approaches that have been developed for vitrification of hazardous and highly radioactive wastes stored at the Hanford Site.
Introduction
he U.S. Department of Energy (DOE) is responsible for treating, vitrifying, and disposing of a large volume of legacy nuclear wastes that are byproducts of plutonium production during the Cold War era. These wastes are stored in underground tanks at the Savannah River Site (SRS) in South Carolina and at the Hanford Site in Washington State. Joule-heated, slurry-fed ceramic melters are in use at SRS and will be used at Hanford to produce borosilicate glass waste forms.
1-2) Over 16 million liters of waste have been treated and vitrified, producing more than 6,800 metric tons of glass at the Defense Waste Processing Facility (DWPF) at SRS since its startup in 1996. The tank waste at Hanford Site are planned to be separated into a low-volume, high-level waste (HLW) fraction and a high-volume lowactivity waste (LAW) fraction through pretreatment processes. [3] [4] [5] [6] Each waste stream will be vitrified separately at the Hanford Tank Waste Treatment and Immobilization Plant (WTP), which currently is under construction (Fig. 1 ), and the molten glass then will be poured into large stainless steel canisters (HLW) and containers (LAW) (Fig. 2) . [3] [4] [5] [6] The immobilized LAW containers will be disposed of onsite in trenches covered with soil, and the immobilized HLW glass canisters will be shipped to a yet-be-determined federal geologic repository for permanent disposal deep underground.
4)
A nuclear waste glass must meet a number of composition and property constraints. 6) There are two categories of constraints: 1) acceptance or performance of the waste form product and 2) processability of waste glass feed a for a given melting technology. Much data on the properties of glass and glass melt and the melting characteristics of waste glass feeds have been generated during the past several decades. Various glass formulation approaches have been developed to design glass compositions that satisfy all the composition and property requirements for a given waste or set of wastes. This article introduces the glass property models, composition and glass property constraints, and glass formulation approaches that have been developed for vitrification of hazardous and radioactive wastes stored at Hanford. This short contribution is intended to present an overview of methods and concepts that have been developed and adopted for Hanford waste glass formulations, but not to provide comprehensive details on the data associated with the extensive array glasses with varying compositions that have been formulated for the Hanford.
T Review a)
The term "feed" is used in the waste vitrification community to describe the slurry mix of waste (liquid or slurry) and additive materials such as silica sand, Na 2 CO 3 , boric acid, etc. The slurry "melter feed," also referred to as "waste glass feed," is fed to a "glass melter," which is equivalent to a glass furnace in the commercial glass industry.
Waste Glass Formulation
In a broader term, glass formulation can be defined as designing a glass composition for a specific application. In this regard, glass formulation does not include formulating feed recipes (of raw materials) for a given glass composition. For commercial applications, the objective can be designing a new glass composition for a new product or modifying the existing composition for product improvement or process changes. Glass formulation is needed in various stages of waste vitrification technology development; for example, formulating a glass for a specific waste to demonstrate a new processing technology, [7] [8] [9] [10] developing enhanced glass formulations for specific Hanford wastes, [11] [12] [13] [14] [15] or formulating a glass frit composition for each sludge batch to produce actual radioactive glass at the DWPF. 16, 17) The last case also involves variability confirmation so that the selected composition can tolerate the uncertainties from various sources.
18,19)
In a narrower interpretation of the term, waste glass formulation cab be described as finding an additive composition that maximizes the waste throughput rate while meeting all the processing and quality constraints. Waste throughput rate is a term used to describe the rate of waste converted to glass by vitrification, which is defined as follows:
[waste throughput rate] = [waste loading in glass] × [glass melting rate]
Currently, the maximum waste loading can be estimated based on the glass property models, which is the main subject of subsequent sections in this article. However, although considerable efforts have been made to understand the factors that control the melting rate and to develop simple correlations or tools that can be used to estimate the melting rate, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] models for predicting glass melting rate from glass or feed composition are not available. Extensive studies have been and are currently being performed to investigate the fundamentals of feed melting reactions during the early stages of the cold-cap melting process [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] and to eventually develop mathematical models [42] [43] [44] [45] [46] that can be used to predict the melting rate based on feed chemistry.
Waste glass formulation uses a simple mass balance:
where g i , w i , and a i are the mass fractions of i th component in glass, waste, and additives, respectively; W is the waste loading; and n is the number of components in the glass. The composition of waste, glass, and additives are expressed in terms of oxides (e.g., B 2 O 3 , SiO 2 , Na 2 O, and SO 3 ) and halogens (e.g., F and Cl) for non-volatile and semivolatile components. Carbonates, nitrates, organic carbons, etc., that completely volatilize during processing are not included. For convenience, the term "oxides" includes halogens, for example, the waste oxide loading (or simply, the waste loading) is the mass fraction of oxides and halogens contributed by the waste to the glass. The waste glass formulation usually means finding the additive composition (a i ) to yield a glass composition (g i ) that satisfies constraints while maximizing the loading (W) of a given waste (w i ).
Glass Property Models
Property-composition models are applied to all types of glass formulation efforts. There are two categories of glass property models: 1) empirical models and 2) mechanistic models. Empirical models determine the model coefficients from measured properties of glasses with varied compositions. Mechanistic models derive the model form and the relationships between model coefficients from fundamental principles of physics and chemistry or glass structure, however, all mod- els fit some parameters to experimental data. [47] [48] [49] [50] [51] [52] [53] First-principle models, i.e., those based on fundamental physical principles and not fit to experimental data, are not currently applicable to predicting waste glass properties. Empirical models are used exclusively for glass formulation efforts for Hanford wastes because mechanistic models do not fit the measured data for the multicomponent waste glasses well enough to be applied to plant process and product controls with sufficient confidence.
54-70)
A simple first-order model form without temperature term is expressed as: (3) where P is the property, p i is the i th component coefficient, and x i is the i th component normalized mass or mole fraction in glass ( ). Note than P also can be the transformation of property (e.g., ln(η) for the natural logarithm of viscosity [η]). Eq. (3) is referred to as a linear mixture (LM) model. For the compositions of the glasses with relatively narrow ranges of concentrations, most non-linear effects of individual components may be approximated by the first-order model given in Eq. (3). However, as glass compositions expand to wider concentration ranges, the first-order model form may not be adequate for certain properties and components with strong non-linear effects, as illustrated in Fig. 3 .
71) Adding non-linear terms may be helpful for those components. The secondorder model form that includes squared and cross-product terms is given as: (4) where p ii is the coefficient for the i th component squared and p ij is the coefficient for the cross-product of the i th and j th components. The term "Selected" is used to specify that the p ii and p ij are obtained from experimental data for selected components and cross-products only. Eq. (4) also is referred to as a partial quadratic mixture (PQM) model. For properties that depend on temperature, viscosity and electrical conductivity, several methods have been employed. For the most typical approach used for viscosity and electrical conductivity (ε), temperature dependence is often fitted by the Arrhenius equation: (5) where A and B are the temperature-independent constants and T is the temperature (in K). Then, the constants A and B can be expressed as a function of composition based on the LM or PQM introduced above. Using the LM as an example, Eq. (5) yields: (6) where A i and B i are the i th component coefficients for the constants A and B. In general, the Arrhenius equation works well for electrical conductivity for a wide temperature range; however, for viscosity, it is good only for relatively narrow temperature ranges. For viscosity over a wider temperature range, the Vogel-Fulcher-Tammann (VFT) equation provides a better data fit:
where E, F, and T 0 are the temperature-independent constants. Note that degrees centigrade rather than degrees Kelvin usually are used for T 0 and T in the VFT equation. Using the LM as an example, Eq. (7) yields:
where E i , F i , and T 0,i are the i th component coefficients for the constants E, F, and T 0 . The PQM also can be applied to Arrhenius or VFT equation similarly to Eqs. (6) and (7). For the temperature range of interest for waste vitrification using a Joule-heated melter operating at a nominal temperature of 1150°C, the Arrhenius equation works reasonably well for viscosity (i.e., there is no need to use the VFT equation). Furthermore, Ojovan 72) and Hrma et al. [73] [74] [75] [76] [77] argued that the viscosity can be successfully modeled by assuming that the constant A in Eq. is composition-independent. The fewer variables needed to fit the data have an advantage in that the models have smaller prediction uncertainties. This approach has not been applied to WTP models for plant operations, but it needs to be evaluated. 
71)
Modeling the temperature for a fixed viscosity is common in the commercial glass-melting community 78, 79) although it has not been used for waste glasses. Modeling the viscosity or electrical conductivity at a fixed temperature has been used for simple applications such as at 1150°C for a Jouleheated melter. 54, 56, 69) Another approach is modeling the measured or estimated (interpolated) ln(η) or ln(ε) as a function of composition at multiple fixed temperatures by LM or PQM. Then, the Arrhenius equation, Eq. (7), or the VFT equation, Eq. (7), is used to calculate the viscosity at different temperatures. The VFT, Eq. (7), equation was used by Vienna et al. 2009. 69) in models for viscosity and electrical conductivity. The first step of developing the empirical glass property models is defining the composition and temperature region of interest based on waste composition variations, estimated range of waste loadings, and desired additive components. Any existing property data for the glasses within the composition and temperature region of interest are collected and evaluated. Then, the test matrix that can fill the gap between the existing data and the composition and temperature region of interest is developed. Statistical experimental design methods are used to minimize the number of glasses that need to be tested. 54, [80] [81] [82] [83] [84] [85] Sometimes multiple steps of test matrix design and testing are performed to fully cover the composition and temperature regions of interest.
66,67)
Model fittings are performed to find the coefficients of model components and temperature parameters that minimize the prediction uncertainties. Selection of model parameters generally is based on a combination of statistically determined outputs and known information on the effect of glass composition and temperature on each glass property. As mentioned earlier, first-principle models are not suited for the multicomponent waste glasses, but mechanistic understanding is sometimes useful in selecting the model parameters. 50, 52) A separate validation data set or subset of the modeling data is used to independently validate the models and demonstrate the prediction uncertainties.

Constraints for Glass Formulation
Various constraints are used to ensure that the nuclear waste glass meets diverse criteria or requirements in processability and product quality. The constraints can be in terms of property values or component concentration ranges. Different sets of constraints are developed and applied depending on the objective of each glass formulation effort. This section briefly summarizes the major constraints focused on those currently applicable to the WTP. 86, 87) Some constraints are absolute criteria that must be met to satisfy environmental regulations, generally related to the performance of glass product measured under certain test conditions and to the safety of the waste treatment and disposal facilities generally expressed in terms of the activities of selected radionuclides.
6) Currently, there are three test methods for glass performance applicable to the WTP: 1) the product consistency test (PCT), 88) 2) the toxicity characteristic leach procedure (TCLP), 89) and 3) the vapor hydration test (VHT).
90) The PCT and TCLP methods are applicable to the HLW glass, and the PCT and VHT methods are applicable to the LAW glass. Table 1 summarizes the PCT, VHT, and TCLP constraints applicable to the WTP.
Constraints for viscosity and electrical conductivity of a glass melt are applied for ease of processing for the given vitrification technology, which is a ceramic-lined Jouleheated melter with Inconel® electrodes and bubblers for the WTP. The lower limit of viscosity is implemented to avoid excessive corrosion of melter components including ceramic melter refractories and metal electrodes and bubblers that are in contact with the molten glass, and to limit potential melt penetration through the refractory lining.
54) The upper limit of viscosity is employed to avoid a potential problem with slow melting rate because the melt viscosity is a critical factor that determines the melting rate. 24, 91) For the WTP, the lower and upper limits at 1150°C are 2 and 8 Pa, respectively, for both HLW and LAW glass melts. The constraint for electrical conductivity of molten glass is applied to ensure that glass melting is performed within the design capacity of vitrification facility's power equipment. The lower limit of 10 S/m at 1100°C and the upper limit of 70 S/ m at 1200°C are used for both HLW and LAW glasses at the WTP. This requirement for electrical conductivity is usually met when the viscosity requirement is met for typical borosilicate glass compositions expected to be produced at Hanford and therefore often not employed for certain glass formulation purposes.
62,69)
Crystallization may occur in the glass melt and in the Table 1 . PCT, VHT, and TCLP Constraints Applicable to the WTP at DOE's Hanford Site. final glass product although the intended waste form would ideally be a homogeneous glass. Crystalline or secondary phases are allowable as long as they do not degrade the glass quality or melt processability and, in turn, lead to a failure to meet the constraints or reduce melter life. Note that constraints related to the crystallization discussed here are applicable only to HLW glasses. Crystals that form in the melter or pour spout can interfere with melter operation if they settle to the bottom. This is especially true for highly dense crystals such as spinel, zircon, or zirconia. [92] [93] [94] [95] [96] A glass melt at a temperature below its liquidus temperature (T L , the highest temperature at which a crystalline phase can exist in the melt at equilibrium) can precipitate crystalline phase in the melter. Historically, T L was constrained to be 100°C below the nominal melter processing temperature (i.e., 1050°C for the WTP meter operating at 1150°C). ) However, the equilibrium T L is not a good criterion because it does not provide information on the amount and size of crystals, which are more important for crystal settling. The WTP adopted a constraint to limit the equilibrium volume percent of spinel crystal at 950°C to < 1% (i.e., T 1% ≤ 950°C). Although this approach considers the importance of crystal volume, it does not allow for the effect of crystal size. Recently, there have been suggestions that the melter may tolerate more than 1% of crystals at 950°C. 70) Therefore, for mission planning purposes, models that can predict the crystal volume fraction as a function of glass composition and temperature have been developed for use in investigating the effect of glass crystal tolerance on the volume of Hanford waste glass to be produced. 70) Meanwhile, extensive studies are being performed to model the effect of glass composition on the settling rate so that more realistic glass formulations that are not overly conservative can be possible. 97) For zirconium-containing crystalline phases, the current WTP constraints apply a set of non-spinel phase rules instead of the property models because of lack of data.
87)
A homogeneous glass melt can form crystalline phases during cooling of the glass poured in canister. The type and amount of crystals are strongly dependent on the temperature history of the glass. Crystallization of the slowly cooled glass near the center of the canister, simulated by the canister centerline cooling treatment, is intended to represent the highest degree of crystallinity possible within the canister. Formation of certain crystals can result in a severe deterioration of glass chemical durability determined by PCT, especially if nepheline (ideally NaAlSiO 4 ) is formed (see Fig. 4) . 98, 99) It is known that the formation of spinel crystals in many HLW glasses does not affect the PCT durability. 98, 100) To formulate glasses that would not precipitate nepheline, an empirical rule based on a nepheline discriminator (N Si ) was developed
This nepheline discriminator as a nepheline rule is currently adopted for WTP operation. However, this N Si is very conservative; that is, many glasses that do not form nepheline are excluded from the glass formulation because they fail to satisfy this rule. To alleviate the conservatism, an additional rule based on optical basicity has been developed 102, 103) : OB (Optical Basicity) ≤ 0.575 (10) The addition of the optical basicity rule help to decrease the conservatism; however, many glasses that do not precipitate nepheline are predicted to form precipitates so the model is still too conservative. Currently, new modeling approaches and basic research focused on understanding the thermodynamic and kinetic aspects of nepheline crystallization are being performed.
Glass melts with excess concentrations of some troublesome anions tend to form an accumulated salt layer on the melt surface. [104] [105] [106] [107] The salt layer can significantly accelerate corrosion of melter components that, if persistent for long time periods, may cause premature melter failure. In addition, if the melt is supersaturated with salt, water-soluble salts containing key radionuclides may separate during canister cooling.
108) The primary component in the salt is sodium sulfate generally mixed with other alkali or alkaline earth anions such as chromate, phosphate, chloride, fluoride, etc. To avoid the deleterious effects of salt, WTP has adopted a single component constraint of 0.44 wt% SO 3 concentration for the HLW glass formulation. 87) For LAW, the feed composition is controlled by applying the glass formulation rules, primarily influenced by SO 3 concentration, with additional constraints based on chromate and halide con- 
98)
centrations. 86) Recently Vienna et al. 2014 108) found that there is a good correlation between the equilibrium sulfate solubility and the sulfate concentration that can be in the melter feed without forming the salt. They proposed applying the SO 3 solubility model as a salt-formation constraint for the glass formulation. The SO 3 solubility can be measured easily compared to melter data on salt formation. Currently data on the SO 3 solubility versus glass composition is being developed so the SO 3 solubility can be modeled as a function of glass composition. It also is known that a scum layer is formed on the surface of the melt for HLW feeds containing high concentrations of phosphorus and calcium or rare earths.
109) The scum layer has the potential to cause processing problems similar to those from salt formation. Based on limited data the following preliminary constraints were established for the WTP
87)
:
The formation of scum (presumably calcium phosphate) is expected to be affected by the concentration of the components that are present in the scum phase, but it also will be affected by the overall composition of glass (i.e., concentrations of other components). Therefore, the limits primarily based on the concentrations of major scum components in Eq. would have a tendency to be conservative because of lack of data on the effects of glass composition. Additional crucible melting and melter tests are being performed to understand the mechanism of scum formation and to develop more practical constraints.
Iterative Glass Formulation
The iterative glass formulation approach, often referred to as "active" glass design, is used in general for a specific waste when exploring the glass compositions outside the valid composition range of existing models or when models for key properties are not available.
7-10,110)
Some models perform relatively well when the target glass composition is outside the model validity range. However, it is not possible to estimate the uncertainties for the predicted results when extrapolated to the outside the model validity range. A useful method of effectively using the models for active glass design is to calculate and apply the difference between model predictions for two different glasses when at least one data point is available. For Glass 2 with unknown property values and Glass 1 with known property values: P 2,est = P 1,meas + P 2,pred − P 1,pred (12) where P 2,est is the estimated property value for Glass 2, P 1,meas is the measure property value for Glass 1, and P 1,pred and P 2,pred are the as-predicted property values by the model for Glasses 1 and 2, respectively. If the model uses the transformed property such as ln(η), that should be used as P in Eq. (12) . The iterative approach focuses on key properties or constraints that are critical in determining the acceptance or processability of the final glass to the initial design set of glass compositions. Then, a next set of glasses are formulated based on the results of the previous set. This iterative process is repeated until a satisfactory composition is achieved. The following detailed steps would be involved:
• Select waste composition: Glass formulations usually are performed on a waste or a set of wastes already specified, but sometimes, it is necessary to select the composition best suited for a specific purpose, such as for demonstration of a new melter technology to increase glass production rate.
• Compile existing glass property data and models: The information learned from existing data and property models are directly used when formulating the initial set of glasses. It is necessary to check the valid composition ranges of the models being used to gain general idea on the uncertainty of the model results. When property data are available near the desired composition region, Eq, (12) is useful.
• Define all constraints and identify key constraints. Evaluating existing data helps to identify the key properties that are likely to limit the waste loading. To facilitate the formulation process and also to provide room for various uncertainties, self-imposed constraints that are different from the regulatory limits can be applied. The key properties may change during the course of glass formulation efforts.
• Formulate and test initial set of glasses: All available property models are used, although extrapolated, to formulate preliminary optimized compositions described in the next section. It is important to use the information gained from evaluating existing glasses and applying available property models to estimate the waste loading limit and formulate the glasses around that loading. Glasses in the next set are formulated based on an evaluation of the results from existing and previous sets of glasses.
• Formulate and test the next set of glasses and repeat the process until a satisfactory composition is obtained: When selecting the final composition it is necessary to account for various uncertainties that originate from model prediction uncertainties or errors related to achieving the exact composition. Sometimes it may be necessary to allow for potential differences between certain properties observed in laboratory crucible tests and those produced in the continuous melter process (e.g., differences in thermal history).
• Characterize all relevant properties: After finding the composition that satisfies the key constraints, it also is necessary to confirm that the final glass will meet other constraints that are not likely to limit the waste loading, but need to be verified.
Examples of glass composition development for selected Hanford HLW and LAW wastes employing the iterative glass formulation steps described above can be found in Kim et al. 2011.
110)
g P 2 O 5 0.045 < g P 2 O 5 g CaO 0.00065 < g Li 2 O 0.06 <
Glass Composition Optimization
Glass composition optimization is used for various purposes including iterative glass formulation for a specific waste discussed in a previous section, [7] [8] [9] [10] 110) estimation of glass mass to be produced from a set of projected waste compositions, 2, 4, 5, 111, 112) and glass formulation algorithms to be used for process and product control at WTP. 86, 87) Glass composition optimization refers to a process of finding the waste loading and additive composition best suited for a given glass formulation objective while satisfying all applicable constraints. Generally, the glass formulation goal is to maximize the waste loading or maximum waste throughput rate to achieve the most cost-effective waste treatment and immobilization. However, sometimes a "robust" glass composition may be desired; that is, a composition designed to minimize the probability of failing the constraints even when unexpected process deviations occur (e.g., the composition with properties that diverge farthest from all the key constraints). Current plans call for the "robust" glass formulation approach to be applied at startup and during initial operation of the WTP. 87) Over time the glass formulation goal can be revised to gradually move to maximizing the waste loading or waste throughput rate. Simple glass composition optimization can be accomplished using the commercial spreadsheet tool (Microsoft Excel's "Solver") for simple sensitivity studies 111) or for demonstration of preliminary algorithms for the WTP 86, 87) when only limited number of optimization calculations are needed. When many calculations need to be performed for hundreds or thousands of different waste batches for each set of system plan scenarios, dedicated programing is used based on an optimization routine such as the Simplex method.
4,5,112)
The tank wastes at Hanford are very diverse in composition so it is impossible to formulate the glasses in a batch approach similar to that used at the DWPF, where each batch of waste is ready and glass formulation and demonstration are performed in advance before the waste is processed in the melter. Fig. 5 illustrates how the HLW composition changes with time for a specific tank retrieval and pretreatment scenario.
110) The waste composition estimation also evolves as new information (e.g., new waste sample analyses) becomes available, the sequence of tank retrieval is changed, or the pretreatment process is modified. Therefore, it is necessary to develop the glass formulation algorithms that can used to formulate the glasses for any wastes expected during plant operation as soon as each batch of waste from pretreatment is moved to the waste storage vessel in the vitrification facility and analyzed.
86,87)
The glass formulation algorithms cover the entire process of evaluating the waste composition data, formulating the glass composition using glass property models and sets of constraints after accounting for various uncertainties, calculating the volume of waste to transfer from waste storage vessel to melter feed preparation vessel, calculating the masses of additives to add, and generating production records based on the analyses of wastes or melter feeds.
Conclusion
Current preliminary glass formulation algorithms for WTP are based on glass property models developed for a relatively small fraction of wastes from a few tanks and for the glass compositions with conservative waste loading for "robust" glass formulation. A multi-year joint research program of laboratory-scale tests and pilot melter runs is being conducted at Pacific Northwest National Laboratory, the Catholic University of America, the Savannah River National Laboratory (SRNL), and DOE's Office of River Protection. The objectives of this program are twofold: 1) to expand the glass composition regions for full range of tank waste compositions expected at Hanford through development of the glass property data and models and 2) to increase the waste throughput rate by a combination of increased waste loading through advanced glass formulations and enhanced melting rate through understanding feed melting chemistry and modeling cold-cap melting processes. 
